The paper presents the results of time-resolved electric field measurements in a nanosecond discharge between two plane electrodes covered by dielectric plates, using picosecond four-wave mixing diagnostics. For absolute calibration, the IR signal was measured in hydrogen at a pressure of 440 Torr, for electrostatic electric field ranging from 0 to 8 kV cm −1 . The calibration curve (i.e. the square root of IR signal intensity versus electric field) was shown to be linear. By measuring the intensities of the pump, Stokes, and IR signal beam for each laser shot during the time sweep across the high-voltage pulse, temporal evolution of the electric field in the nanosecond pulse discharge was determined with sub-nanosecond time resolution. The results are compared to kinetic modeling predictions, showing good agreement, including non-zero electric field offset before the main high voltage pulse, breakdown moment, and reduction of electric field in the plasma after breakdown. The difference between the experimental results and model predictions is likely due to non-1D structure of the discharge. Comparison with the kinetic modeling predictions shows that electric field in the nanosecond pulse discharge is controlled primarily by electron impact excitation and charge accumulation on the dielectric surfaces.
Introduction
High pressure non-equilibrium nanosecond pulse discharges have recently been generating significant interest, due to potential applications to plasma assisted combustion (PAC) [1] , electric discharge laser development [2] , sustaining strong vibrational nonequilibrium in supersonic flows [3] , and plasma actuators for high speed flow control [4, 5] . Quantitative insight into plasma dynamics on nanosecond time scale and kinetics of excited species generation in these discharges requires time-resolved and spatially-resolved electric field measurements in the plasma, using non-intrusive experimental techniques. One such technique which has been used to measure electric field in the plasma is known as fluorescence dip spectroscopy (FDS) [6, 7] . FDS involves pulsed laser excitation of atoms in the electric discharge to an excited state, from which fluorescence is monitored as the atoms relax back to the ground state. A tunable IR laser is then used to further excite the atoms from this excited state to a higher order Rydberg state, which results in a dip in the fluorescence signal. Due to the Stark effect, the energy at which the tunable laser excites the atoms to the Rydberg state changes in the presence of an electric field. By measuring when the dip in fluorescence occurs with respect to the laser beam frequency, the electric field can be determined, with sensitivity down to 25 V cm −1 [7] . While FDS is a powerful tool for electric field measurements, its sensitivity at pressures higher than ~1 Torr is severely limited, due to fluorescence trapping. Another developing technique for nonintrusive electric field measurements is known as cavity enhanced polarimetry, which utilizes the electric field induced Kerr effect [8] . In this technique, polarization of a linearly polarized laser beam passing through a cavity where an electric field is applied rotates slightly. Thus, by setting up a null analyzer polarizer perpendicular to the incident light, the electric field strength can be determined by measuring the percentage of polarization which has been rotated due to the applied electric field. While this technique is suited well for high pressure applications, it requires multiple passes of the laser beam through the cavity, thus limiting the time resolution of the measurements.
In this paper, we apply a novel technique first developed by Gavrilenko et al [9] for measuring the electric field in highpressure transient plasmas with sub-nanosecond time resolution. This technique, known as electric field four-wave mixing, works in a process very similar to coherent anti-stokes raman scattering (CARS) [10] . In electric field four-wave mixing, the probe beam used in CARS is replaced by an external electric field. Basically, externally applied electric field induces a dipole moment in normally non-polar molecules. When collinear overlapping pump and Stokes beams are focused in a molecular gas, they produce coherent oscillating excitation of the molecules. This excitation is mixed with the dipole moment induced by the external electric field, allowing the molecules to radiate at the frequency equal to the difference between the pump and the Stokes beams, set to coincide with the energy difference between the ground and first excited vibrational level of the molecule, i.e. in mid infrared. Due to coherent oscillating motion of the molecules, the resultant IR radiation grows coherently in the phase matching direction, which is collinear with the pump and Stokes beams at the conditions of the present experiment. The intensity of the IR beam varies quadratically with the applied electric field, allowing non-intrusive determination of the electric field. In comparison with FDS, in the electric field four-wave mixing technique the IR signal increases with pressure (proportional to square of partial pressure of the probe molecular species), making it well-suited for measurements at high pressures. Additionally, the response time of the IR signal (i.e. the time resolution) depends on how long the molecules remain coherently excited, which has been shown previously to be on the order of a few hundred picoseconds [11] .
Until now, most electric field four-wave mixing measurements in plasmas have been done using Q-switched Nd:YAG laser systems, with a time resolution limited to ~10 ns [12] [13] [14] [15] . Almost all previous studies have been done in hydrogen (H 2 ), due to its large Raman cross section, although recent measurements have also been done in nitrogen [16, 17] . One recent study relevant to the present work was done in a nanosecond pulse, dielectric barrier discharge between two plane electrodes in atmospheric air [18] . In this study, N 2 four-wave mixing and time-resolved, spatially resolved optical emission were used to measure time-resolved electric field in the plasma and to obtain insight into breakdown mechanism in ns pulse discharges.
For the work presented in this paper, a picosecond laser system was used to increase the temporal resolution of the measurements to 0.2 ns, limited by the coherence decay time of H 2 molecules. Electric field sensitivity achieved at 440 Torr in H 2 is as low as 200 V cm −1 . Since the present technique is inherently nonlinear, such that the signal increases considerably with pressure (proportional to hydrogen partial pressure squared), this makes it attractive for electric field measurements in high-pressure (atmospheric pressure and above) hydrogen-containing plasmas. Figure 1 shows a schematic of the experimental apparatus for picosecond electric field four-wave mixing measurements. In the present experiments, the second harmonic (532 nm) output of a commercially purchased Ekspla SL333 Nd:YAG laser, with pulse duration of 150 ps and a maximum output energy of ~100 mJ at the second harmonic frequency is used. Beam energy of ~50 mJ was used, to limit potential damage to optical surfaces during the experiment. The laser beam is focused into a high pressure stimulated Raman shifting (SRS) cell, using an f = 750 mm BK-7 lens, in order to generate collinear pump and Stokes (683 nm) beams. The SRS cell is a 0.85 m long steel tube with 12.7 mm thick BK-7 glass windows at both ends. After the collinear beams exit the SRS cell, they are recollimated using an f = 500 mm lens, telescoping the spot size down in order to ensure that no beam clipping occurs on the remaining components of the optical system. Since a weak anti-Stokes beam is also generated in the high pressure cell, it needs to be filtered out before it reaches the discharge cell. This is done by passing the beams through two dichroic mirrors which efficiently reflect the anti-Stokes (blue) beam and transmit both the pump (green) and Stokes (red) beams, as shown in figure 1. The collinear pump and Stokes beams are then focused into the electric discharge cell, filled with hydrogen at a pressure of 440 Torr, using an f = 500 mm lens. In the discharge cell, the collinear beams mix with a dipole moment induced by an externally applied electric field in normally non-polar H 2 molecules, and the resultant IR beam is emitted collinearly with the incident pump and Stokes beams, at the H 2 v = 1 → 0 vibrational transition. The spatial resolution of the technique is determined by the collinear phase matching geometry, and has been measured to be a cylinder of 2 cm × 150 μm. The resultant IR signal intensity is measured using a thermoelectrically cooled HgCdTe detector with an analog time constant of less than 20 ns. An anti-Stokes beam is also generated in the discharge cell, collinearly with the pump and Stokes beams. By monitoring the intensities of the incident pump beam, the anti-Stokes beam, and the IR beam, the electric field can be determined.
Experimental
The rectangular shape electric discharge cell is made of acrylic plastic, with three optical access windows made of BK-7 glass and CaF 2 . Two circular plate copper electrodes 14 mm in diameter are placed in the cell 3 mm apart, with a thin quartz plate (0.2 mm thick, 25 mm in diameter) placed over each electrode, as shown in figure 2(a). Figure 2 shows ICCD images of the electrodes and the discharge. The laser beams traverse the electrode gap horizontally, halfway between the electrodes. Repetitively pulsed electric discharge between the dielectric-covered electrodes was sustained using a high voltage ns pulse generator producing alternating polarity pulses with peak voltage of approximately 12 kV and pulse duration of ~100 ns. Alternating polarity pulse train was chosen to reduce charge accumulation on dielectric plates covering the electrodes. The discharge was operated in hydrogen at a pressure of 440 Torr and at a pulse repetition rate of 300 Hz. At these conditions, voltage and current waveforms were reproducible shot to shot, generating diffuse, volume-filling plasma between the electrodes. ICCD camera images of positive and negative polarity pulse discharges are shown in figures 2(b) and (c), while voltage and current pulse waveforms are plotted in figure 3 . Also, figure 4 shows a collage of plasma images taken at different moments during the discharge pulse. From these images, it can be seen that while the discharge propagates in the axial (vertical) direction between the electrodes very rapidly, it takes several tens of nanoseconds for the plasma to expand in the radial (horizontal) direction. This behavior indicates the presence of both axial and radial components of the electric field, illustrating 2D structure of the discharge. Also, figures 2 and 4 indicate that the plasma follows quartz plate surfaces and extends all the way to the metal electrode surfaces, where it forms wellpronounced filaments. This suggests that a direct current path is established between the electrodes during the discharge pulse, around the dielectric plates.
The intensity of the IR signal generated in the discharge cell depends on the amplitude of the applied electric field, similar to CARS. The energy level diagrams for both CARS and the electric field four-wave mixing are shown in figure 5 . Basically, the IR signal beam is a result of the interaction of the pump and Stokes beams with the 'zero frequency' (compared to the laser beam frequency) applied electric field, which behaves essentially as the probe beam in CARS. As discussed above, the electric field induces a dipole moment in normally non-polar H 2 molecules. The induced dipole moment, which varies with the electric field strength, allows the molecules to radiate coherently at their Raman frequency. In CARS, the molecules radiate coherently for the duration of the probe beam. However, in the electric field four-wave mixing technique, the duration of IR radiation pulse is limited by how long the molecules remain coherently excited. Recent work has shown that for pressures of a few hundred Torr, the molecules remain coherently excited on the order of a few hundred of ps [11] before dephasing, largely due to collisions.
One of the advantages of ps 4-wave mixing technique is that it is unlikely to be affected by the optogalvanic effect caused by the laser. Indeed, at the present conditions electric breakdown occurs on the time scale of at least several ns (as illustrated by the data in section 4.3), while 4-wave mixing signal is collected on the time scale of several hundred ps (which includes both laser pulse duration and coherence dephasing time). Basically, the present technique is measuring electric field in the plasma before the laser pulse may affect the discharge. Also, in the present measurements the laser pulse did not have a detectable effect on discharge voltage and current waveforms, or on plasma emission, independent of the delay between the discharge pulse and the laser pulse.
The IR and CARS signal beam intensities are given as
(1)
where E is the electric field to be measured, and χ i are the third order susceptibilities for four-wave mixing and CARS processes. Taking the ratio of IR and CARS signal intensities, and noting that the 532 nm (green) beam serves as both the pump and probe, gives ⎛
where A is a constant determined by calibration in sub-breakdown electrostatic dc field. Thus, by monitoring the intensities of the pump, CARS (anti-Stokes), and IR beams the electric field can be determined.
Before entering the discharge cell, a small fraction of collinear pump and Stokes beams is reflected and the beams are spectrally separated using a Pellin-Broca prism, such that the pump beam intensity can be monitored using a standard photodiode. The IR beam is separated from the other collinear beams using a dichroic mirror that is highly transmissive in the IR and efficiently reflects the residual visible light. The IR beam is then sent into a 1/3 meter spectrometer (600 grooves mm −1 , blazed at 1.2 µm) to ensure that no higher order Stokes beams are being measured.
The intensity of the IR beam (specifically H 2 v = 1 → 0 Q(1) line at 2.4061 µm) is measured using a thermoelectrically cooled HgCdTe detector doped to have peak response approximately at the wavelength of the generated IR signal. Finally, the CARS beam is separated from the two remaining collinear beams using two dichroic mirrors that efficiently reflect the blue anti-Stokes beam while transmitting both the green pump beam and red Stokes beam. The CARS beam is readily visible by eye and is measured by a standard photodiode. All three beam intensities, along with the high voltage pulse waveform, are monitored on a LeCroy WaveRunner 104 MXi-A digital oscilloscope with 1 GHz bandwidth.
To obtain the desired timing accuracy, signals generated by individual laser shots are saved by the oscilloscope and analyzed using a post-processing routine. The three most important objectives of post processing routine are (i) subtraction of EMI background noise picked up by the HgCdTe detector, (ii) accounting for considerable shot-to-shot jitter of the high voltage pulse generator output, and (iii) binning each of the laser shots into the correct time bin based on the time difference between the voltage pulse rise and laser beams arrival.
Background subtraction is done by collecting the HgCdTe detector signal produced during several hundred discharge pulses, with the detector covered, such that the only source of signal is EMI noise. The high voltage pulse waveform during the first discharge pulse is used as reference for the rest of the discharge pulses, i.e. the remaining voltage waveforms are shifted in time to coincide with that of the first pulse and then averaged. This is done to make sure that the time dependence of background EMI signal would not be affected by the jitter of the high-voltage pulse generator relative to the trigger signal, which is of the order of 10-20 ns. To determine when the laser beams arrive to the cell relative to the high voltage pulse, the pump beam photodiode signal was shifted by a time difference between an individual voltage pulse waveform and the reference voltage waveform. Finally, the signals from the IR detector (after background EMI is subtracted), pump beam photodiode, and CARS (anti-Stokes) beam photodiode are placed into separate 'time bins' (separated by 0.2 ns), based on the time difference between the applied high voltage pulse rise and the laser beams arrival, and averaged in each time bin over multiple laser shots. The averaged signals are then integrated, and the electric field is determined according to equation (3) .
Kinetic model
Kinetic modeling of a nanosecond pulse discharge sustained between two plane electrodes covered by dielectric plates was done using a 1D model [19] 2 1 u H*, 2 and H(n = 1,3)). Here H* 2 is a sum of Rydberg excited electronic states. These equations are coupled to the Poisson equation for the electric field, two-term expansion Boltzmann equation for the electron energy distribution function (EEDF), and equation for the electron temperature. All excited states are produced by electron impact excitation of H 2 . Superelastic collisions, which result in significant heating of electrons after the applied voltage is turned off, are also incorporated. The EEDF and the rates of electron impact processes are predicted by the Boltzmann equation solver. Boltzmann equation for plasma electrons was solved several times during the discharge pulse, predicting electron impact rate coefficients as functions of reduced electric field and electron temperature, which have been used by the rest of the model. Electron impact cross sections were taken from [20] , and rate coefficients for neutral species reactions and ion-neutral reactions were taken from [21] [22] [23] . The system of equations is solved self-consistently. Gas temperature is assumed to be constant, T = 300 K, since at the present conditions the discharge energy loading per molecule is relatively low, ~1 meV/molecule/pulse.
The Poisson equation is solved not only in the plasma but also within the dielectric plates, with the dielectric constant of ε = 4. The electric field in the plasma and the displacement field in the dielectric are related as follows, 
Results and discussion

Raman cell characterization
From equation (1), it can be seen that the IR signal beam intensity depends on the product of the pump and the Stokes beam intensities. Thus, the first step in the present experiment is characterization of the SRS cell, i.e. measurements of the residual pump and Stokes beam intensities versus hydrogen pressure in the cell and input pump beam intensity. Figure 6 plots the results of these measurements, as functions of pump beam energy for several SRS cell pressures. From figure 6 , it is apparent that both Stokes and anti-Stokes beam energies increase with pressure in the cell, as well as with incident pump beam energy. On the other hand, it is clear that at higher H 2 pressures in the cell, the residual pump energy is saturated.
Another important result evident from figure 6 is that the total energy of the three output beams does not match that of the input beam energy. This is due to the effect of stimulated Brillouin scattering (SBS) occurring in the cell. As noted in [24] , SBS backscatter dominates over the forward scattering when the coherence length of the pump beam, l c , is on the order of or greater than the focused beam confocal beam parameter, z o ,
where w 0 is the beam waist and λ is the laser beam wavelength. Using a knife edge, the beam waist has been measured to be ~110 µm, corresponding to z o ~ 14 cm. The coherence length of the mode-locked Nd:YAG beam is
where c is the speed of light and ∆t ~ 150 ps is the temporal full width at half-maximum (FWHM) of the pump pulse for the laser system in use, such that l c ~ 10 cm. Thus, although the beam coherence length is shorter than the confocal beam parameter, they are comparable, which leads to the loss of laser energy evident from figure 6. For the present experiment, we chose the SRS cell pressure of 5 bar and the input pump beam energy of ~45-50 mJ. This maximized the exit pump beam energy while generating significant Stokes beam energy, without producing optical breakdown either in the SRS cell or in the discharge cell. For these conditions, the first Stokes conversion efficiency was ~25%.
Electric field four-wave mixing calibration
Determining the electric field in the plasma requires absolute calibration of the present technique. This is accomplished by focusing the collinear pump and Stokes beams into the discharge cell and measuring the IR signal response for known values of electrostatic field sustained between the plane electrodes by applying sub-breakdown voltage pulses. By measuring the signal response for each laser shot and matching it to the applied electric field at this moment of time, a calibration line relating the electric field with the IR signal response can be obtained, in accordance with equation (3). Figure 7 shows representative IR signals for several values of electrostatic (i.e. sub-breakdown) electric field. The duration of the IR signal pulse is controlled by the response time of the detector. The IR signal beam intensity corresponding to a given electric field value is determined by numerically integrating the waveforms shown in figure 7 over time. Both the pump and anti-Stokes beam intensities are integrated in the same fashion. Then, following equation (3) and taking the square root of the resulting values, a linear relationship between the IR signal and the electric field is found. Figure 8(a) shows the relationship between the field between the electrodes (measured by a Tektronix P6015A high voltage probe) and the square root of IR signal intensity, along with a linear fit. Each of the data points shown represents an average of ~100 laser shots for the given value of the applied electric field. It can be seen, as expected, that linear fit has near zero y-intercept, i.e. the IR signal disappears when the electric field is turned off. Figure 8 (b) plots the sub-breakdown electric field pulse shape applied to the electrodes (calculated as the ratio of voltage measured by the high-voltage probe over the distance between the electrodes), as well as electric field pulse shape obtained using the linear calibration line. Using relatively low amplitude pre-pulse provides an effective and rapid way of absolute calibration over a wide range of electric fields at sub-breakdown conditions, instead of using multiple pre-set dc field values. It can be seen that the field determined by four-wave mixing using linear calibration matches closely the high-voltage probe measurements. Note that the present technique measures the absolute value of the electric field (e.g. see equation (1)).
Electric field measurements
To measure time-resolved electric field during the nanosecond pulse discharge between two plane electrodes covered by dielectric plates, the delay time between the pulse voltage rise and the laser beams arrival to the discharge cell was varied in 1 ns increments. For this, an SRS DG645 delay generator triggering the high voltage pulse generator and the time binning described in section 2 (with bin size of 0.2 ns) were used. By time sweeping across the entire high voltage pulse, a sufficient number of laser shots was collected to average the IR signal to determine time-resolved electric field in the plasma during the discharge pulse. During these measurements, the green pump showing the 'pre-pulse' and the 'main pulse' for polarity main pulse. As shown, the pre-pulse is always the opposite polarity as the proceeding main pulse.
beam, blue anti-Stokes beam, and IR signal beam intensities were monitored and saved for each laser shot, and integrated in the same way as during calibration. The high voltage pulse waveform was also saved for every laser shot. Collecting all these data made possible determining when the laser beams arrive at the discharge cell, relative to the beginning of the high voltage pulse. For these measurements, the timing accuracy is limited by the duration of coherent IR signal pulse generated by H 2 molecules, a few hundred ps. The linear calibration relationship (see figure 8 ) is used to infer the electric field from the time-integrated signal intensities, for each laser shot. Time-resolved absolute values of the electric field, obtained by averaging the values in each time bin over multiple laser shots, are shown in figure 9 , for positive and negative voltage pulse polarities. Figure 9 also plots applied electric field waveforms, calculated as ratios of voltage over distance between the electrodes. From figure 9 , it can be seen that there is a non-zero electric field offset between the electrodes before the voltage pulse is applied, both for positive and negative polarity pulse. This effect is caused by a lower amplitude 'pre-pulse' produced by the high voltage pulse generator each time before the 'main' pulse is produced, as illustrated in figure 10 . From figure 10 , it can be seen that the pre-pulse peak voltage is about 4 kV, compared to the main pulse peak voltage of 12 kV. The prepulse always has polarity opposite to the main pulse and precedes it by approximately 5 μs. At the present experimental conditions, the pre-pulse also produces breakdown in the gap between the electrodes, resulting in residual charge accumulation on the dielectrics and electric field offset. This effect is discussed in greater detail in section 4.4.
After breakdown of electrode gap is produced by the main voltage pulse, the electric field is rapidly (over a few tens of ns) is reduced to near zero (see figure 9 ). Note that no electric field offset is detected after the main pulse, either for positive or for negative polarity.
Comparison with kinetic modeling calculations
As discussed in section 4.3, the voltage waveform produced by the high-voltage pulse generator includes relatively low amplitude pre-pulse and a high amplitude main pulse (see Experimental voltage-to-gap ratio and predicted electric field in the plasma during the negative polarity pre-pulse (a); experimental voltage-to-gap ratio and absolute value of the electric field in the plasma (experimental and predicted) during positive polarity main pulse (b). figure 10 ). Both of them were incorporated into the modeling calculations, since voltage during the pre-pulse is sufficiently high to produce breakdown between the electrodes. Figure 11 compares the experimental and the predicted current waveforms during the negative polarity pre-pulse (a) and the positive polarity main pulse (b). In the calculations, the experimental voltage waveform was used as input, as a boundary condition on the high voltage electrode. From figure 11 , it can be seen that the model reproduces the experimental current pulse quite well, both for the pre-pulse and the main pulse. During the pre-pulse, breakdown occurs after the voltage peaks, resulting in significant current overshoot (see figure 11(a) ). During the main pulse, on the other hand, breakdown occurs during the voltage rise (see figure 11(b) ). In both cases, breakdown moment can be identified by wellreproduced characteristic 'kinks' in the voltage waveforms (see figure 11 , also detected in [25] ). Breakdown moment can also be identified in figure 12(a) , which plots experimental voltage-to-gap ratio and predicted electric field in the plasma (halfway between the electrodes) during the pre-pulse, and in figure 12 (b), which plots experimental voltage-to-gap ratio and absolute value of the electric field in the plasma (experimental and predicted) during the main pulse. Basically, breakdown begins when the field starts deviating from the voltage-to-gap ratio (see figure 12) .
During breakdown, the strong electric field between the electrodes results in charge separation, with electrons moving toward the electrode with a higher potential (grounded bottom electrode for the negative polarity pre-pulse and high-voltage top electrode during the positive polarity main pulse). Since both electrodes are covered by dielectric plates, charged species are accumulated on dielectric surfaces, resulting in plasma self-shielding and significant reduction of both electric field and current in the plasma. Further increase of the applied voltage after main pulse breakdown results in additional charge deposition on the dielectrics due to significant ionization of the plasma produced during breakdown, and thus considerable reduction of net electric field in the plasma (see figure 12(b) ). Thus, considerable increase of applied voltage after breakdown results only in modest conduction current (see figure 11(b) ). This continues until the applied voltage peaks. At this moment, the electric field generated by surface charges is equal to the applied electric field and has the opposite direction, therefore the predicted net field in the plasma is zero (see figure 12(b) ). When applied voltage starts decreasing, net electric field in the plasma changes polarity since now the field generated by surface charges exceeds the applied field, such that the current flows in the opposite direction. All these results are consistent with predictions of an analytic model of a nanosecond pulse discharge between plane electrodes covered by dielectric plates [26] .
Note that although secondary electron emission from the cathode is essential for breakdown of a gap between two metal electrodes, nanosecond pulse discharge breakdown dynamics is not controlled by the time required for ions generated in the plasma volume to travel across the discharge gap to the negative polarity electrode. In fact, breakdown development in pre-ionized plasma in repetitive ns pulse discharges in plane geometry is controlled by the speed of plane ionization wave traveling to the cathode, which propagates much faster compared to ion or even electron drift velocities, ~ 0.1-1.0 cm ns −1 (~10 8 -10 9 cm s −1 ) at dU/dt ~0.1-1.0 kV ns −1 [26] [27] [28] . Charge separation results in significant electric field rise ahead of the ionization wave front, such that when the wave approaches the cathode, ions accelerated in strong electric field, over a distance of the order of a mean free path, initiate secondary emission from the cathode. Although increasing pre-ionization does accelerate ionization wave formation, breakdown dynamics remains essentially the same over a wide range of initial electron densities [26] and is well understood.
As mentioned above, figure 12 (b) plots the absolute value of the predicted electric field, to make comparison with the experimental data straightforward. Figure 12 (b) also plots experimental time-resolved electric field measured during the main (positive polarity) pulse, as discussed in section 4.3. Comparing the experimental data and the model predictions, it can be seen that the model reproduces non-zero electric field offset before the main pulse, produced by residual surface charge accumulated on dielectric surfaces during the pre-pulse. The value of the secondary electron emission coefficient used in the model, γ = 0.02, was selected to reproduce this residual surface charge and electric field offset. Lower value of γ would result in lower electron density during the pre-pulse, and therefore low residual surface charge and electric field offset before the main pulse. Higher value of γ would produce higher ionization and surface charge accumulation during the pre-pulse. However, in this case residual surface charges are rapidly neutralized after the pre-pulse by charges attracted from the plasma volume, such that the residual field also becomes too low. This, γ = 0.02 represents the effective secondary electron emission coefficient at the present conditions.
The model also reproduces the breakdown moment, when field in the plasma begins deviating from the applied voltageto-gap ratio and decreases due to plasma self-shielding. However, from figure 12 it can be seen that the experimental field does not go to zero after breakdown, after the applied voltage peaks, contrary to the model predictions. This likely occurs because of the presence of the radial field component, resulting in plasma expansion in the radial direction (see figure 4) , such that the discharge is not 1D. Electric field behavior in the plasma after breakdown may also be affected by discharge extending to the metal electrodes on the other side of the dielectric plates, as evident from plasma images in figure 2 . This interpretation is consistent with figure 11(b) , which compares the experimental and the predicted current waveforms. It can be seen that the model predicts the current to change the sign when the applied voltage peaks, at variance with the data. This effect can be due to either discharge non-one-dimensionality (i.e. radial expansion), or due to establishing of conduction current path between two metal electrodes, both of which would create radial electric field and may account for the difference between the model predictions and the experimental data. Figure 13 compares experimental and predicted electric field in the plasma during the negative polarity main pulse (note that since positive and negative polarity pre-pulses are nearly identical, the electric field predicted by the model for the positive polarity pre-pulse is essentially the same as in figure 12(a) ). The results are close to those taken for the positive polarity main pulse, and the model predictions are also in agreement with the experimental data. Again, the field measured after breakdown decreases significantly slower compared to the model predictions and does not go to zero when the voltage peaks. As discussed above, this is likely caused by the radial expansion of the plasma, not incorporated in the present 1D model. Finally, both experimental and predicted electric fields approach zero approximately 200-300 ns after breakdown, without an offset (see figures 12(b) and 13).
The experimental results show that electric field offset before the main pulse is approximately 3 kV cm −1 , both for positive and negative polarity pulses, in good agreement with the model predictions (see figures 12(b) and 13). Analysis of the model predictions shows that this occurs due to charge accumulation on the dielectrics surfaces during the pre-pulse. On the other hand, electric field after the main pulse is nearly zero, for both positive and negative pulse polarities. Kinetic modeling calculations illustrate the reason for this apparently counter-intuitive difference.
As discussed in section 3, the model assumes that charged species deposited on the dielectric surfaces remain there until they are neutralized by opposite polarity charges arriving from the plasma. Since the pre-pulse peak voltage is significantly lower compared to the main pulse peak voltage (4 kV versus 12 kV), and also because the initial electron density before the pre-pulse is much lower compared to that before the main pulse, electron concentration in the plasma after pre-pulse breakdown is fairly low, n e ≈ 7⋅10 12 cm
, almost an order of magnitude lower compared to that after main pulse breakdown, n e ≈ 6 ⋅10 13 cm −3 (see figure 14) . After the applied voltage pulse is turned off, charges accumulated on dielectric surfaces during the pulse produce strong electric field in the direction opposite to the applied electric field. This field generates conduction current in the plasma toward dielectric surfaces, which tends to neutralize surface charges. This in turn results in the electric field and current reduction. Figure 15(a) , plotting net surface charge evolution during the pre-pulse, illustrates this process. It can be seen that surface charge density peaks after breakdown and then oscillates due to applied voltage oscillations. Since both electron density and residual electric field after the pre-pulse are quite low, surface charges are not completely neutralized, with approximately 30% of peak surface charge density remaining after the pulse (see figure 15(a) ). Residual surface charge density is about 6 ⋅10 10 cm −2 after the pre-pulse voltage is turned off, resulting in non-zero electric field offset before the main pulse. Electron density in the plasma during the main pulse, however, is about an order of magnitude higher (see figure 14) , which results in almost complete surface charge neutralization after the main pulse (see figure 15(b) ). This explains absence of detectable electric field offset after the main pulse.
The modeling calculations results also demonstrated that residual electric field after the pre-pulse, as well as other discharge parameters predicted by the model, are not sensitive to initial electron density in the plasma volume or initial electron density on dielectric surfaces before the pulse, both assumed to be very low but which may be highly uncertain. Since the rate of electron impact ionization, as well as electron and ion mobilities, are known well, this result implies that secondary electron emission is the only process which controls surface charge accumulation on the dielectrics.
Finally, figure 16 plots reduced electric field (E/N) and coupled pulse energy evolution during the main pulse. It can be seen that at the present conditions nearly all energy is coupled to the plasma during a short period of breakdown, when the electric field in the plasma is decreasing, i.e. at relatively high reduced electric field. For shorter voltage pulse durations (i.e. higher rate of pulse voltage rise, dU/dt), and for 'secondary' pulses generated by pulse reflections in the external circuit, our previous experimental [25] and kinetic modeling [26] results demonstrated that a significant fraction of pulse energy can also be coupled to the plasma after breakdown, at fairly low E/N.
Summary
The paper presents the results time-resolved electric field measurements in a nanosecond pulse discharge between two plane electrodes covered by dielectric plates, using a ps four-wave mixing diagnostic similar to CARS. The present measurements include characterization of a high-pressure stimulated Raman scattering (SRS) employed to generate the Stokes beam used in the four-wave mixing technique. The infrared signal produced by four-wave mixing has been shown to vary as the product of the pump and Stokes beam intensities, as well as the square of the applied electric field. For absolute calibration, the IR signal was measured in hydrogen at a pressure of 440 Torr, for electrostatic electric field ranging from 0 to 2.4 kV cm −1 . The calibration curve (i.e. the square root of IR signal intensity versus electric field) was shown to be linear. By measuring the intensities of the pump, Stokes, and IR signal beam for each laser shot during the time sweep across the high-voltage pulse, temporal evolution of the electric field in the nanosecond pulse discharge was determined with sub-nanosecond time resolution. The results are compared to kinetic modeling predictions, showing good agreement, including non-zero electric field offset before the main high voltage pulse, breakdown moment, and reduction of electric field in the plasma after breakdown. The difference between the experimental results and model predictions are likely due to the non-1D structure of the discharge. Comparison with the kinetic modeling predictions shows that electric field in the nanosecond pulse discharge is controlled primarily by electron impact excitation and charge accumulation on the dielectric surfaces. The present results demonstrate significant potential of the present diagnostic technique for sub-nanosecond time resolution measurements of the electric field in high-pressure plasmas with significant concentrations of hydrogen.
